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Pch2 Links Chromatin Silencing to Meiotic
Checkpoint Control
and hop2) with defects in meiotic chromosome metabo-
lism arrest at the pachytene stage of meiotic prophase
(Bishop et al., 1992; Sym et al., 1993; McKee and Kleck-
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*Howard Hughes Medical Institute
²Department of Molecular, Cellular, and
ner, 1997; Chua and Roeder, 1998; Leu et al., 1998; TungDevelopmental Biology
and Roeder, 1998). Two observations argue that this³Department of Genetics
arrest reflects the operation of a checkpoint that is trig-Yale University
gered by the accumulation of intermediates in recombi-New Haven, Connecticut 06520-8103
nation and/or chromosome synapsis (i.e., SC formation).
First, mutations (e.g., spo11) that prevent the initiation
of recombination and synapsis bypass the checkpoint,Summary
allowing mutants that normally arrest at pachytene to
complete meiosis (Roeder, 1997). Second, the sporula-The PCH2 gene of Saccharomyces cerevisiae is re-
tion defect of the dmc1 and zip1 mutants is alleviatedquired for the meiotic checkpoint that prevents chro-
by mutation in one of several checkpoint genes (e.g.,mosome segregation when recombination and chro-
RAD17, RAD24, and MEC1) that respond to unrepairedmosome synapsis are defective. Mutation of PCH2
double-strand breaks (DSBs) in vegetative cells (Lydallrelieves the checkpoint-induced pachytene arrest of
et al., 1996). The existence of this meiotic surveillancethe zip1, zip2, and dmc1 mutants, resulting in chromo-
control, hereafter referred to as the ªpachytene check-some missegregation and low spore viability. Most of
point,º is not unique to budding yeast. In mice, defectsthe Pch2 protein localizes to the nucleolus, where it
in synapsis and/or recombination produced by disrup-represses meiotic interhomolog recombination in the
tion of the MLH1 or DMC1 genes result in meiotic pro-ribosomal DNA, apparently by excluding the meiosis-
phase arrest and elimination of the arrested germ cellsspecific Hop1 protein. Nucleolar localization of Pch2
by apoptosis (Edelmann et al., 1996; Pittman et al., 1998;depends on the silencing factor Sir2, and mutation of
Yoshida et al., 1998).SIR2 also bypasses the zip1 pachytene arrest. Under
To identify novel gene products involved in the pachy-certain circumstances, Sir3-dependent localization of
tene checkpoint, we screened for mutations that bypassPch2 to telomeres also provides checkpoint function.
the sporulation defect conferred by the zip1 mutationThese unexpected findings link the nucleolus, chroma-
in S. cerevisiae. The meiosis-specific Zip1 protein is atin silencing, and the pachytene checkpoint.
major structural component of the central region of the
SC, an elaborate proteinaceous structure that holds ho-
Introduction mologous chromosomes (homologs) close together
along their lengths during the pachytene stage of meiotic
Cell division results from a coordinated sequence of prophase (reviewed by Roeder, 1997). In the absence of
critical events that must occur in the proper order to Zip1, chromosomes fail to synapse and recombination
ensure faithful transmission of genetic information. Check- intermediates (Holliday junctions) accumulate, resulting
points are surveillance mechanisms that enforce the in checkpoint-mediated arrest in meiotic prophase (Sym
temporal dependence of events in the cell cycle, by et al., 1993; Storlazzi et al., 1996; Tung and Roeder,
preventing the initiation of a late event if an earlier one 1998).
has not been successfully completed. A loss-of-function Here, we present the characterization of a novel gene,
mutation in a checkpoint gene relieves this dependence, PCH2, that is required for zip1 meiotic arrest. The zip1
resulting in inappropriate cell cycle progression with pch2 double mutant displays the wild-type level of spor-
deleterious consequences (Hartwell and Weinert, 1989). ulation, though the zip1 defects in recombination and
In the mitotic cell cycle, several checkpoints have been synapsis persist. The majority of the Pch2 protein local-
identified. One of the best characterized is the DNA izes to the nucleolar region containing the ribosomal
RNA genes (rDNA). In S. cerevisiae, the rDNA is orga-damage checkpoint that arrests or delays cell cycle pro-
nized in a tandem array of 100±150 repeats on chromo-gression in response to lesions in the DNA, thus allowing
some XII and displays unique properties in meiosis.time to repair the damage and preventing the replication
First, during pachytene, when chromosomes are en-or segregation of damaged chromosomes (reviewed by
gaged in synapsis, the nucleolar region remains unsyn-Weinert, 1998).
apsed and does not contain Zip1 (Dresser and Giroux,As in the mitotic cell cycle, checkpoints operate in
1988; Sym et al., 1993). Second, compared to the restmeiosis to ensure the fidelity of genetic information
of the genome, meiotic exchange between homologs istransfer. However, meiotic cells must monitor events
reduced z100-fold in the rDNA (Petes and Botstein,specific to meiosis, such as recombination and synapto-
1977). We have found that Pch2 is required for this re-nemal complex (SC) formation, that are critical for proper
pression, which is probably due to the ability of Pch2meiotic chromosome segregation. In Saccharomyces
to exclude the meiosis-specific Hop1 protein (Hollings-cerevisiae, several mutants (e.g., zip1, zip2, dmc1, sae3,
worth et al., 1990) from the nucleolus.
The chromatin silencing factor Sir2 has also been
shown to be involved in the repression of recombination§ To whom correspondence should be addressed (e-mail: shirleen.
roeder@yale.edu). in the rDNA (Gottlieb and Esposito, 1989). In vegetative
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arrest was carried out (see Experimental Procedures).
Four genes were identified: RAD24 and DDC1, two
known DNA damage checkpoint genes (Weinert, 1998);
DOT1 (also called PCH1), a gene recently identified in
a screen for high-copy disruptors of telomeric silencing
(Singer et al., 1998); and a novel gene that we call PCH2
(pachytene checkpoint) corresponding to the S. cerevis-
iae open reading frame (ORF) YBR186w (Saccharomyces
Genome Database; http://genome-www.stanford.edu/
Figure 1. Pch2 Is Meiosis Specific Saccharomyces/). The protein encoded by PCH2 is dis-
tantly related to the AAA family of ATPases (ATPasesProduction of Pch2 throughout meiosis was monitored by Western
blot analysis in wild-type (DP199) and zip1 (DP201) cells carrying associated with diverse cellular activities). AAA proteins
an HA-tagged version of Pch2, using anti-HA antibodies. Extracts are conserved throughout evolution and involved in a
from isogenic strains lacking the HA epitope (BR2495 and MY63), wide variety of cellular processes (Beyer, 1997).
prepared at 15 hr of sporulation, were used as controls (-HA).
Pch2 Is Meiosis Specific
cells, most Sir2 localizes to the nucleolus (Gotta et al., Production of the Pch2 protein was analyzed by Western
1997), where it creates a closed chromatin structure blot in vegetatively growing cells and at different time
resulting in transcriptional silencing in the rDNA (Bryk points throughout sporulation (Figure 1). In wild type,
et al., 1997; Fritze et al., 1997; Smith and Boeke, 1997). production of Pch2 is induced before cells undergo mei-
Some Sir2 also localizes to telomeres (Gotta et al., 1997). osis I, reaches a maximum level between 12 and 15 hr
The Sir3 and Sir4 proteins, together with Sir2, are in- (coinciding with the peak of pachytene nuclei in this
volved in silencing at telomeres (reviewed by Loo and strain background; Smith and Roeder, 1997), and then
Rine, 1995); however, Sir3 and Sir4 are not required declines as meiosis and sporulation progress. Consis-
for rDNA silencing and do not normally localize to the tent with this pattern of expression, the promoter region
nucleolus (Bryk et al., 1997; Fritze et al., 1997; Gotta et of PCH2 contains two elements characteristic of early
al., 1997; Smith and Boeke, 1997). We show here that meiotic genes (Mitchell, 1994), a sequence similar to the
Sir2 is required for the nucleolar localization of Pch2. URS1 element (TGGGCGGCA, at position -97 to -89
Furthermore, the sir2 mutant (but not sir3 or sir4) is relative to the ATG codon) and a perfect match to the
defective in the pachytene checkpoint, arguing that the T4C element (TTTTCATCG, at position -181 to -173). In
presence of Pch2 in the nucleolus is important for zip1 contrast to wild type, Pch2 accumulates in the pachy-
meiotic arrest. We have also found two situations (over- tene-arrested zip1 mutant, and protein levels remain
expression of SIR4 or deletion of the rDNA array) in high even at late time points (Figure 1).
which the association of Pch2 with silent telomeric re-
gions provides partial checkpoint function. Taken to-
gether, our findings reveal an unexpected connection Pch2 Is Required for Checkpoint-Mediated
Arrest of zip1between chromatin silencing and the pachytene check-
point. To investigate the role of Pch2, null mutants of PCH2
were generated and analyzed. No obvious mitotic phe-
notype was detected in pch2 homozygous diploids.Results
Sporulation efficiency is the same in wild type and pch2;
there is a subtle but statistically significant (p , 0.0001)Identification of Pachytene Checkpoint Genes
To identify genes involved in the meiotic checkpoint, a decrease in spore viability in the mutant (Table 1). Con-
sistent with the high level of spore viability, crossingscreen for mutations that relieve the zip1 pachytene
Table 1. Sporulation and Spore Viability
Sporulation Spore
Genotype Frequency (%) Viability (%) Strains
Wild type 55.0 95.3 BR2495, DP259
pch2 55.4 90.7 DP186, DP261
zip1 2.8 Ð MY63, DP201
zip1 pch2 57.2 35.2 DP187
zip2 0 Ð DP322
zip2 pch2 54.1 29.8 DP189
sir2 61.2 89.8 DP260, DP262
zip1 sir2 58.2 35.7 DP263
zip1 sir3 5.9 Ð DP266
zip1 sir4 3.3 Ð DP268
zip1 2mSIR4 15.6 31.8 DP201 1 pTT42 or pSS104
zip1 sir3 2mSIR4 47.6 48.3 DP266 1 pSS014
Sporulation frequency was determined by counting the fraction of cells forming asci after 2±3 days in sporulation medium. Spore viability
was assessed by tetrad dissection.
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Figure 2. Localization of the Pch2 Protein
Spread nuclei from wild-type (DP199; A±D and E±H) and zip1 (DP201; I±L) stained with DAPI (A, E, and I) and anti-Zip1 (B), anti-Nsr1 (F), anti-
Red1 (J), and anti-HA (C, G, and K) antibodies. Overlap between Pch2 and Zip1, Nsr1, or Red1 appears yellow in the merged images (D, H,
and L). The arrow in each panel points to the nucleolus. Bar, 2 mm.
over is not affected by pch2 (P. A. S. and G. S. R., unpub- mutant. Immunostaining of meiotic chromosomes with
antibodies to Red1, a component of the lateral elementslished data). Thus, Pch2 is not normally required for
meiotic recombination, chromosome segregation, or of the SC (Smith and Roeder, 1997), reveals that zip1
pch2 strains progress through meiosis with unsynapsedsporulation.
In the BR2495 strain background, zip1 shows a uni- chromosomes (data not shown).
form pachytene arrest, and no mature recombinants are
produced (Sym et al., 1993; Tung and Roeder, 1998). Mutation of PCH2 Relieves the Pachytene
Arrest in zip2 and dmc1Deletion of PCH2 completely abolishes the meiotic ar-
rest of zip1; the zip1 pch2 double mutant displays a wild- To determine whether the requirement for Pch2 is unique
to zip1, the effect of a pch2 null mutation was examinedtype sporulation frequency (Table 1). However, spore
viability is z37% of wild type (Table 1), suggesting that in zip2 and dmc1 cells. Zip2 is a meiosis-specific protein
required for the initiation of chromosome synapsis. Inthe defects in chromosome segregation due to the lack
of Zip1 (Sym and Roeder, 1994) persist in the double BR2495, the zip2 mutant fails to sporulate, arresting in
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undergone one or both meiotic divisions, the majority
(96%) of dmc1 cells (DP194) remain mononucleate,
while z50% of dmc1 pch2 cells (DP196) have completed
at least one division. Consistent with the defect in DSB
repair, few mature asci are formed and spore viability
is extremely low (,2%) in dmc1 pch2.
Most Pch2 Protein Localizes to the Nucleolus
Diploid strains homozygous for a functional version of
PCH2 tagged with the hemagglutinin (HA) epitope were
used to localize the protein in spread meiotic nuclei
using anti-HA antibodies. Unexpectedly, in wild-type
pachytene nuclei, when chromosomes are fully con-
densed and synapsis is maximal, Pch2 is concentrated
in the unsynapsed region of chromosome XII containing
the rDNA that lacks Zip1 (Figures 2A±2D). No staining
is detected in control strains lacking the HA epitope
(data not shown). Localization of Pch2 to the nucleolus
was confirmed by double labeling with anti-HA and anti-
bodies to the nucleolar protein Nsr1 (Figures 2E±2H).
Pch2 staining is evident only when chromosomes con-
dense and long stretches of Zip1 are present (late zy-
gotene-pachytene); in spread nuclei at earlier stages of
meiotic prophase, no Pch2 protein is detected (data not
shown).
In addition to the nucleolar localization, a small amount
of Pch2 protein in wild-type cells can be detected in a
punctate pattern along synapsed chromosomes over-
Figure 3. Localization of Pch2 in Polycomplexes lapping with Zip1 (Figures 2C and 2D). By contrast, in
the zip1 mutant, Pch2 is found only in the nucleolus;Spread nuclei from spo11 (DP219; A±D) and wild type overexpress-
ing ZIP1 (DP199 1 pMB156; E±H) stained with DAPI (A and E) and the chromosomal foci are no longer detected (Figures
anti-Zip1 (B and F) and anti-HA (C and G) antibodies. Overlap be- 2I±2L), suggesting that these foci reflect the interaction
tween Zip1 and Pch2 appears yellow in the merged images (D and of Pch2 with SC components. Highly ordered aggre-
H). The arrows in (C) and (D) point to the presumed nucleolus. The
gates of SC components, referred to as polycomplexes,arrows in (E)±(H) point to the nucleolus. Arrowheads point to poly-
are frequently observed in mutants that fail to make SCcomplexes. Bar, 2 mm.
and in wild-type strains overproducing Zip1 (Loidl et al.,
1994; Sym and Roeder, 1995). In these situations, Pch2
extensively colocalizes with Zip1 in polycomplexes (Fig-meiotic prophase with unsynapsed chromosomes (Chua
ure 3). For example, in the spo11 mutant, which fails toand Roeder, 1998). In contrast, the zip2 pch2 double
initiate recombination and makes little or no SC (Cao etmutant displays a wild-type level of sporulation (Table
al., 1990; Loidl et al., 1994), Pch2 is detected in the1); however, spore viability is low (z30%, Table 1).
Zip1 polycomplex and in a small region of the nucleusDmc1 is a meiosis-specific homolog of the bacterial
presumed to be the nucleolus (Figures 3A±3D). WhenRecA strand exchange enzyme. In SK1 strains, dmc1
Zip1 is overproduced, most Pch2 is found in the largemutants are blocked in prophase with unrepaired DSBs
polycomplexes formed, and little or no Pch2 is found(Bishop et al., 1992). To determine whether Pch2 is re-
in the nucleolus (Figures 3E±3H). These observationsquired for dmc1 arrest, meiotic nuclear divisions were
support the hypothesis that Pch2 interacts with Zip1 orexamined by staining with a DNA-binding dye, 4'-6-dia-
Zip1-associated proteins and suggest an interchangemidino-2-phenylindole (DAPI). After 24 hr in sporulation
medium, when most (87%) wild-type cells (DP193) have between the SC-localized and nucleolar Pch2 protein.
Table 2. Recombination in the rDNA
Type of Ura Segregation
Meiotic
Genotype 4:0 3:1 2:2 1:3 0:4 Recombination (%)
Wild type 0 1 217 2 2 1.4
pch2 2 48 198 4 0 20.8
sir2 17 18 126 10 50 18.2
Recombination in the rDNA was measured in wild-type, pch2, and sir2 diploids heterozygous for an insertion of URA3 in the rDNA (strains
DP259, DP261, and DP260, respectively). 2 Ura1:2 Ura2 segregation indicates the absence of recombination. 31:12 and 11:32 tetrads are
indicative of meiotic recombination events. 41:02 and 01:42 tetrads result from mitotic (premeiotic) events. The number of four-spore-viable
tetrads displaying each segregation pattern is shown. The frequency of meiotic recombination was calculated by dividing the sum of 31:12
and 11:32 tetrads by the sum of 31:12, 11;32, and 21:22 tetrads.
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Figure 4. Hop1 Localizes to the Nucleolus in
pch2 and sir2 Mutants
Spread pachytene nuclei from wild-type
(BR2495; A and B), pch2 (DP251; C and D),
and sir2 (DP258; E and F) stained with DAPI
(A, C, and E) and anti-Zip1 (green) and anti-
Hop1 (red) antibodies (B, D, and F). The arrow
in each panel points to the nucleolus. Bar,
2 mm.
Pch2 Represses Meiotic Recombination in the rDNA et al., 1990; Smith and Roeder, 1997). In wild-type cells,
To determine whether Pch2 is involved in the repression Hop1 is excluded from the nucleolar region (Figures 4A
of meiotic recombination in the rDNA, diploids were and 4B; Smith and Roeder, 1997). However, Hop1 is
constructed in which the URA3 gene is inserted into the present in the nucleolus in pch2 and sir2 strains (Figures
rDNA array in one copy of chromosome XII; recombina- 4C±4F). Thus, the high levels of interhomolog meiotic
tion was monitored by following the segregation of recombination in the rDNA in these mutants are associ-
URA3 in tetrads. Compared to wild type, the pch2 mu- ated with the abnormal localization of Hop1 to the nu-
tant displays a dramatic (15-fold) increase in the fre- cleolus.
quency of aberrant segregations (Table 2). No effect on
mitotic recombination was observed. The majority of Sir2 Is Required for Localization
aberrant segregations are 3 Ura1:1 Ura2 tetrads, so they of Pch2 to the Nucleolus
cannot be due to intrachromosomal recombination As reported for vegetative cells (Gotta et al., 1997), Sir2
events. To exclude the possibility that the enhanced accumulates in the nucleolus in meiosis and is also de-
recombination is due to ectopic events between the tected in foci near chromosome ends (Figures 5A and
URA3 gene in the rDNA and the ura3-1 allele present 5B). No staining is detected in sir2 control strains (data
on chromosome V, the location of the URA3 gene in the not shown). Double staining of Pch2 and Sir2 reveals
spore progeny of recombinant tetrads was determined that the proteins overlap in the nucleolus, but the nonnu-
by a polymerase chain reaction (PCR) assay (see Experi- cleolar Pch2 foci do not significantly colocalize with the
mental Procedures). In 9 out of 9 of the 31:12 tetrads telomeric Sir2 foci (Figures 5C and 5D). To determine
analyzed, all Ura1 spores contained the URA3 marker
whether the presence of Pch2 in the nucleolus requires
in the rDNA, indicating that most (if not all) of the rDNA
Sir2, the localization of Pch2 was examined in meiotic
recombination observed in pch2 results from gene con-
spreads of the sir2 mutant. Strikingly, in the absence ofversion between homologs. Thus, the wild-type Pch2
Sir2, Pch2 fails to localize to the nucleolus, but chromo-protein represses meiotic interhomolog recombination
somal foci overlapping with Zip1 are still present (Fig-in the rDNA.
ures 5E and 5F). Moreover, in the zip1 sir2 double mu-Analysis of rDNA recombination in haploid strains has
tant, Pch2 (normally found only in the nucleolus in zip1;previously shown that Sir2 is required for suppression
see Figure 2K) is delocalized from the rDNA region andof mitotic and meiotic intrachromatid and/or sister chro-
dispersed throughout the rest of the chromatin (Figuresmatid recombination in the rDNA (Gottlieb and Esposito,
5G and 5H). In contrast, Sir2 localization is not altered1989). To determine the effect of sir2 on recombination
in pch2 (data not shown).between homologs, rDNA recombination was examined
in diploids. Similar to pch2, mutation of SIR2 significantly
Sir2 Is Required for the Pachytene Checkpointincreases the frequency of interhomolog recombination
The effect of sir2 in Pch2 localization prompted an inves-(Table 2). In contrast to pch2, sir2 also increases mitotic
tigation of whether Sir2 is also involved in the zip1 mei-events (Table 2; Gottlieb and Esposito, 1989).
otic arrest. In BR2495, zip1 sir2 cells sporulate with wild-Hop1 is a meiosis-specific chromosomal protein re-
type efficiency, as does zip1 pch2 (Table 1), resulting inquired for interactions between homologous chomo-
somes (Hollingsworth and Byers, 1989; Hollingsworth low levels of spore viability similar to those of zip1 pch2
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Figure 5. Localization of Sir2 to Meiotic Chro-
mosomes and Mislocalization of Pch2 in sir2
Spread nuclei from wild-type (DP199; A±D),
sir2 (DP262; E and F), and zip1 sir2 (DP274;
G and H) stained with DAPI (blue; E and H)
and anti-Zip1 (green; A, B, and F), anti-Sir2
(red; B and D), and anti-HA (green, C and D;
red, F, G, and H) antibodies. Overlap of Pch2
and Sir2 (D) and of Pch2 and Zip1 (F) appears
yellow. The arrow in each panel points to the
nucleolus. Bar, 2 mm.
(Table 1). Thus, like pch2, the sir2 mutant is defective found at telomeric positions (75.7%, 66 foci scored) (Fig-
ures 6A±6C). Overexpression of SIR4 results in a partialin the pachytene checkpoint. Although Sir2, Sir3, and
Sir4 form a complex required for telomeric silencing, bypass of zip1 meiotic arrest (Table 1).
The fact that high-copy SIR4 only partially abolishesseveral studies indicate that the function and localiza-
tion of Sir2 in the nucleolus is largely independent of the checkpoint, although Pch2 is not detected in the
nucleolus, raises the possibility that the presence ofSir3 and Sir4 (Bryk et al., 1997; Fritze et al., 1997; Gotta
et al., 1997; Smith and Boeke, 1997). Consistent with this Pch2 (and Sir2) at telomeric heterochromatin provides
some checkpoint function. To test this hypothesis, theconclusion, mutation of SIR3 or SIR4 does not relieve the
zip1 meiotic block (Table 1). These results suggest that effect of deleting SIR3 in zip1 strains overexpressing
SIR4 was examined. In the absence of Sir3, the Sir2 andthe localization of Pch2 to the nucleolus, mediated by
Sir2, is important for the zip1 arrest and provide evi- Sir4 proteins maintain the ability to interact, but they
are no longer associated with telomeres (Gotta et al.,dence for a connection between chromatin silencing in
the rDNA and meiotic checkpoint control. 1997; Strahl-Bolsinger et al., 1997). Accordingly, the lack
of Sir3 leads to the dissociation of the Pch2 foci induced
by high dosage of Sir4 (Figures 6D±6F) and results in
Pch2 Accumulates at Telomeres When SIR4 total loss of the pachytene checkpoint. zip1 sir3 2mSIR4
Is Overexpressed strains sporulate to almost wild-type levels (Table 1).
Sir4 is not normally found in the nucleolus and is not
required for rDNA silencing; however, recent observa-
tions indicate that Sir4 modulates the strength of rDNA Pch2 Localization and Function in the Absence
of the rDNA Arraysilencing by regulating the amount of Sir2 in the nucleo-
lus. Overexpression of SIR4 reduces rDNA transcrip- To explore further the involvement of the nucleolus in
zip1 meiotic arrest, checkpoint function was examinedtional silencing, presumably by titrating Sir2 out of the
nucleolus and recruiting it to telomeres (Smith et al., in strains carrying a complete deletion of the chromo-
somal rDNA array and expressing the essential ribo-1998). Consistent with this hypothesis, Pch2 is delocal-
ized from the nucleolus when Sir4 is overproduced. In somal RNAs from a high-copy plasmid containing a sin-
gle rDNA repeat (Nierras et al., 1997). A set of wild-type,contrast to zip1 sir2 strains, in which Pch2 is randomly
distributed throughout chromatin (Figures 5G and 5H), zip1, and zip1 pch2 congenic diploids containing either
the normal rDNA array (RDN) or the rDNA deletion (rdnD)most Pch2 foci in zip1 strains overproducing Sir4 are
Chromatin Silencing and the Pachytene Checkpoint
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Figure 6. Sir3-Dependent Localization of Pch2 to Telomeres When Sir4 Is Overproduced
Spread pachytene nuclei from the zip1 mutant overexpressing SIR4 (DP201 1 pTT42; A±C), zip1 sir3 overexpressing SIR4 (DP266 1 pSS104;
D±F), and zip1 sir3 carrying vector alone (DP266 1 pRS426; G±I) stained with DAPI (blue) and anti-HA (red) and anti-Red1 (green) antibodies.
The arrow in each panel points to the nucleolus. Bar, 2 mm.
plus the rDNA plasmid [pRDN-wt-URA3] (hereafter re- of SIR3 in zip1 rdnD cells leads to the delocalization of
the telomeric, but not the pseudonucleolar, Pch2 fociferred to as rdnD strains) were constructed and analyzed
for their ability to sporulate (Figures 7A and 7B). Deletion (Figures 7I±7K) and results in the bypass of the meiotic
arrest. zip1 sir3 rdnD cells sporulate with wild-type effi-of the rDNA does not bypass the meiotic arrest of the zip1
mutant; furthermore, PCH2 is required for the check- ciency, but they show a delay in the progression of
sporulation, compared to zip1 pch2 rdnD strains (Figurepoint even in the absence of the rDNA array.
Previous studies using antibodies to the nucleolar 7B). These results suggest that in the absence of the
normal rDNA chromosomal repeats, the Pch2 presentprotein Nop1 have shown that the nucleolus appears
as a typical crescent shape to one side of the nucleus in silent telomeric chromatin is able to provide the
checkpoint function required for zip1 arrest. When telo-in wild-type cells growing vegetatively. In contrast, in
rdnD cells, Nop1 is distributed throughout the nucleus meric chromatin is disrupted by the sir3 mutation, most
checkpoint function is lost. The remaining activity (re-(Nierras et al., 1997), suggesting that each rDNA plasmid
organizes a mininucleolus. However, spread meiotic nu- flected by the delay observed in zip1 sir3 rdnD cells)
might be mediated by the Pch2 protein in the pseudonu-clei from rdnD strains contain a defined mass that stains
weakly with DAPI and contains the nucleolar protein cleolus.
Nsr1 (Figures 7C±7E). Thus, rDNA plasmids appear to
coalesce into a single ªpseudonucleolusº during meio-
sis. In contrast to the normal nucleolus in RDN strains, Discussion
which contains the Red1 protein (Figure 2J; Smith and
Roeder, 1997), the pseudonucleolus of rdnD cells lacks Pch2 Is a Meiotic Checkpoint Protein
The phenotypes conferred by a pch2 null mutation areRed1 (Figures 7H and 7K, arrows). In zip1 rdnD strains,
some Pch2 localizes to this pseudonucleolar structure, consistent with those expected for a pachytene check-
point gene. PCH2 is not required during an unperturbedbut a significant amount of the protein is found in foci
at telomeric positions (69.4% of 121 Pch2 foci scored) meiosis. The slight reduction in spore viability of the
pch2 single mutant may indicate that some defects oc-(Figures 7F±7H). Sir2 displays a similar localization pat-
tern (data not shown). cur that trigger the checkpoint even in a normal meiosis.
Alternatively, the reduction could be a consequence ofWhen the chromosomal rDNA array is intact, sir3 has
no or little effect on Pch2 localization (Figures 6G±6I) or the high levels of rDNA recombination in pch2 leading
to a significant loss of rDNA in a small fraction of spores.zip1 bypass (Table 1 and Figure 7A). However, mutation
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Figure 7. Sir3-Dependent Checkpoint Func-
tion and Pch2 Localization in the Absence of
the rDNA Array
(A and B) Time course of sporulation of RDN
(A) and rdnD (B) strains of the indicated geno-
types. Strains are DP286 (wild type), DP290
(zip1), DP299 (zip1 pch2), DP320 (zip1 sir3),
DP288 (rdnD), DP292 (zip1 rdnD), DP300 (zip1
pch2 rdnD), and DP321 (zip1 sir3 rdnD).
(C±E) rdnD strains organize a pseudonucleo-
lus (arrows; see text). Spread pachytene nu-
cleus from zip1 rdnD (DP292) stained with
DAPI (blue) and anti-Nsr1 antibodies (red).
(F±K) Spread pachytene nuclei from zip1 rdnD
(DP292; F±H) and zip1 sir3 rdnD (DP321; I±K)
stained with DAPI (blue) and anti-HA (red) and
anti-Red1 (green) antibodies. Arrows point to
the pseudonucleolus. Bar, 2 mm.
Consistent with these ideas, the sir2 mutant also dis- The checkpoint defect of pch2 is not zip1 specific;
mutation of PCH2 also relieves the prophase arrest ofplays a slight reduction in spore viability.
Although Pch2 is not required in a normal meiosis, the zip2 and dmc1 mutants. The zip2 mutant fails to
initiate chromosome synapsis and is very similar in phe-PCH2 is essential to trigger meiotic prophase arrest
when SC formation is compromised by the lack of Zip1. notype to zip1 (Chua and Roeder, 1998). In both cases,
the meiotic block is completely abolished by the pch2Relief of the block by the pch2 mutation results in mei-
otic progression with unsynapsed chromosomes, lead- null mutation. In contrast, meiotic arrest of dmc1 is only
partially dependent on Pch2; dmc1 pch2 cells undergoing to chromosome missegregation and poor spore via-
bility. It is not clear whether it is the lack of synapsis or meiotic nuclear division at about 50% of the wild-type
frequency. Only a small fraction of the dmc1 pch2 cellsthe defect in crossing over (or both) that triggers the
checkpoint in zip1. However, pch2 does not correct that undergo meiosis form asci, which are often imma-
ture and contain fewer than four spores. Furthermore,these defects; indeed, chromosome missegregation is
more frequent in zip1 pch2 than in the zip1 single mutant most spores generated are inviable. These observations
are consistent with the formation of fragmented nuclei(P. A. S. and G. S. R., unpublished data). Nevertheless,
a significant fraction of the spores produced in zip1 as a result of meiotic progression with unrepaired DSBs,
as described previously for the dmc1 rad24 (or rad17pch2 are viable, indicating that most recombination in-
termediates are resolved when the arrest or delay is or mec1) double mutant (Lydall et al., 1996). The dmc1
mutant is blocked at an earlier step in the recombinationrelieved. This observation suggests that the accumula-
tion of Holliday junctions in zip1 is a consequence, rather process than zip1; its primary defect is the failure to
convert processed DSBs into joint molecules (Bishopthan the cause, of the meiotic arrest. Thus, Pch2 may
prevent resolution of recombination intermediates in the et al., 1992). Additionally, chromosome synapsis is sig-
nificantly delayed in dmc1 (Rockmill et al., 1995). Theabsence of SC.
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greater requirement for PCH2 in the zip1 and zip2 mei- the sir2 mutation. Sir2 is necessary for the nucleolar
localization of Pch2, but not for its localization to chro-otic blocks compared to dmc1 may reflect a more rele-
vant role for Pch2 in the response to defective chromo- mosomal foci; nevertheless, the lack of Sir2 results in a
meiotic checkpoint defect similar to that of pch2. Al-some synapsis than to unrepaired DSBs.
though it is possible that Sir2 performs a checkpoint
function independent of Pch2 localization, the simplestRepression of Meiotic Recombination
explanation for the checkpoint defect in the sir2 mutantin the rDNA by Pch2
is its failure to localize Pch2 to the nucleolus. Sir2 andPch2 and Sir2 are both present in the nucleolus of mei-
Pch2 may be components of the same protein complexotic cells, and both pch2 and sir2 mutations result in
and/or Sir2 may recruit Pch2 to the nucleolus by creatingelevated rates of rDNA recombination. However, their
a special rDNA chromatin structure required for tar-phenotypes differ in two aspects. First, pch2 does not
geting Pch2. In the yeast nucleus, there are three chro-affect mitotic rDNA recombination, consistent with Pch2
mosomal regions subjected to silencing: the telomeres,being produced only (or mostly) during meiosis. Second,
the HML/HMR loci, and the rDNA. While telomeric andin the pch2 mutant, the vast majority (z92%) of the
HM silencing requires Sir2, Sir3, and Sir4, rDNA silencingmeiotic recombination events are 3 Ura1:1 Ura2 tetrads
only depends on Sir2, and only Sir2 is typically presentthat can be explained by interhomolog exchange. Al-
in the nucleolus (Bryk et al., 1997; Fritze et al., 1997;though 31:12 tetrads also predominate (z64%) in sir2,
Gotta et al., 1997; Smith and Boeke, 1997). Accordingly,a significant fraction of aberrant segregations are 11:32
we have found little effect of the lack of Sir3 or Sir4 in(z36%), which could arise either from gene conversion
checkpoint-induced zip1 arrest.between homologs or from intrachromosomal recombi-
A number of observations indicate a competition be-nation (i.e., pop out or unequal sister chromatid ex-
tween telomeres and the rDNA for limited amounts ofchange). Although the bulk of Pch2 is delocalized from
silencing factors (Gotta et al., 1997; Smith et al., 1998).the nucleolus in the absence of Sir2, it is possible that
Consistent with this notion, we have found two situa-a small amount of Pch2 remains associated with the
tions in which Pch2 is redistributed from the nucleolusrDNA, affecting the number and/or nature of recombina-
to foci at chromosome ends: (1) when Sir4 is overpro-tion events.
duced, and (2) when the rDNA array is deleted. In bothIn vegetative cells lacking Sir2, rDNA chromatin struc-
cases, Sir3 is required for the telomeric localization ofture is altered, displaying increased sensitivity to micro-
Pch2 and for checkpoint function, arguing that silencedcoccal nuclease in vitro and to dam methyltransferase
telomeric heterochromatin is required to mediate theand psoralen cross-linking in vivo (Fritze et al., 1997;
checkpoint response when rDNA silencing or integrity isSmith and Boeke, 1997). Therefore, Sir2 promotes a
compromised. The fact that zip1 strains overexpressingclosed or ªsilencedº chromatin structure in the rDNA
SIR4 are partially defective in the checkpoint, whereasthat presumably prevents access of the transcription
zip1 rdnD strains are not, may be due to the dominant-and recombination machineries to the nucleolus. Sup-
negative effect of high dosage of SIR4. Overproductionporting this hypothesis, we have found that the meiotic
of either full-length or the C terminus of Sir4 results inprotein Hop1, which is normally excluded from the rDNA,
the loss of telomere position effect, probably due tois present in the nucleolus in the absence of Pch2 or Sir2.
disruption of a multimeric silencing complex (CockellSince the rate of recombination increases dramatically
et al., 1995). In the rdnD strains, however, the correctduring meiosis, it is perhaps not surprising that addi-
stoichiometry of the silencing factors is presumablytional factors, such as Pch2, are required to reinforce
maintained. We have shown that the rdnD strains as-the action of Sir2 in repressing recombination in the
semble a nucleolus-like structure during meiosis. How-rDNA. We propose that Sir2 recruits Pch2 to the nucleo-
ever, this pseudonucleolus, which is structurally differ-lus and that Pch2 prevents the nucleolar localization of
ent from the normal nucleolus, must be defective inHop1 (and perhaps other meiotic recombination pro-
checkpoint function, since a significant amount of Pch2teins), thus repressing interhomolog recombination.
is present in the pseudonucleolus in zip1 sir3 rdnD
strains (see Figures 7I±7K), but there is no meiotic arrest.Role for Nucleolar and Telomeric Silenced
Another gene identified in our screen for pachyteneChromatin at the Pachytene Checkpoint
checkpoint mutants is DOT1, which is involved in chro-In wild-type meiotic chromosomes, most Pch2 localizes
matin silencing at telomeres, HM loci, and the rDNAto the nucleolar region, but a small amount is found
(Singer et al., 1998). The requirement of Dot1 in zip1in foci along synapsed chromosomes colocalizing with
arrest provides additional evidence for the relevance ofZip1. In principle, this dual localization could reflect a
chromatin silencing at the pachytene checkpoint.dual function for Pch2, with the nucleolar protein being
required for the repression of rDNA recombination and
the chromosomal protein functioning in checkpoint con- Models
Taken together, our findings strongly support a role fortrol. However, several observations point to a role for
the nucleolar Pch2 at the pachytene checkpoint. First, chromatin silencing, particularly in the rDNA, in the
checkpoint that prevents progression of meiosis whenin checkpoint-arrested zip1 cells, where Pch2 is essen-
tial for the meiotic block, Pch2 is detected only in the synapsis and/or recombination are defective. However,
the molecular mechanism underlying this process is un-nucleolus. The possibility that Pch2 is present in other
chromosomal locations below the level of detection can- clear. One model that is supported by the cytological
and genetic data supposes that the nucleolar and non-not be excluded; however, additional evidence for the
relevance of the nucleolus is revealed by the effects of nucleolar forms of Pch2 differ from each other (e.g.,
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Table 3. Yeast Strains
Strain Genotype
MY248 MATa CRY1 leu2-112 his4-260, 39 ura3 trp1-H3 spo13::TRP1 ade2 lys2 cyh10 zip1::LYS2
MATa cry1 leu2-3 his4-280
BR2495 MATa leu2-27 his4-280 trp1-1 arg4-8 thr1-4 ura3-1 ade2-1 cyh10
MATa leu2-3,112 his4-260 trp1-289 ARG4 thr1-1 ura3-1 ade2-1 CYH10
MY63 BR2495 but homozygous zip1::LEU2
DP199 BR2495 but homozygous PCH2-HA
DP201 BR2495 but homozygous zip1::LEU2 PCH2-HA
DP186 BR2495 but homozygous pch2::URA3
DP187 BR2495 but homozygous zip::LEU2 pch2::URA3
DP322 BR2495 but SPO13 LYS2 and homozygous zip2::URA3
spo13::ura3-1 lys2
DP189 BR2495 but SPO13 LYS2 and homozygous zip2::URA3 pch2::TRP1
spo13::ura3-1 lys2
DP219 BR2495 but homozygous spo11::ADE2 PCH2-HA
DP259 BR2495 but PCH2 RDN
PCH2-HA RDN::URA3
DP260 BR2495 but PCH2 RDN and homozygous sir2::LEU2
PCH2-HA RDN::URA3
DP261 BR2495 but RDN and homozygous pch2::TRP1
RDN::URA3
DP251 BR2495 but homozygous pch2::TRP1
DP258 BR2495 but homozygous sir2::URA3
DP262 BR2495 but homozygous sir2::URA3 PCH2-HA
DP274 BR2495 but homozygous zip1::LEU2 sir2::URA3 PCH2-HA
DP263 BR2495 but homozygous lys2DNheI zip1::LYS2 sir2::URA3
DP266 BR2495 but homozygous zip1::LEU2 sir3::TRP1 PCH2-HA
DP268 BR2495 but homozygous zip1::LEU2 sir4::URA3 PCH2-HA
DP193 MATa leu2 HIS4 lys2 ho::LYS2 arg4-Bgl ura3
MATa leu2 his4-B-LEU2 lys2 ho::LYS2 arg4-Bgl ura3
DP194 DP193 but homozygous dmc1::ARG4
DP196 DP193 but homozygous dmc1::ARG4 pch2::URA3
W303-1A MATa ade2-1 trp1-1 his3-11,15 ura3-1 leu2-3,112 can1-100
MN70-3c W303-1A but rdnD [pRDN-wt-URA3]
YP354 W303-1A but zip1::LEU2 pch2::TRP1 rdnD[pRDN-wt-URA3]
W303-1B MATa ade2-1 trp1-1 his3-11,15 ura3-1 leu2-3,112 can1-100
YP356 W303-1B but PCH2-HA
W303-2N W303-1A 3 W303-1B
DP282 YP354 3 YP356
DP286 W303-2N but homozygous PCH2-HA
DP288 W303-2N but homozygous PCH2-HA rdnD[pRDN-wt-URA3]
DP290 W303-2N but homozygous zip1::LEU2 PCH2-HA
DP292 W303-2N but homozygous zip1::LEU2 PCH2-HA rdnD[pRDN-wt-URA3]
DP299 W303-2N but homozygous zip1::LEU2 pch2::TRP1
DP300 W303-2N but homozygous zip1::LEU2 pch2::TRP1 rdnD[pRDN-wt-URA3]
DP320 W303-2N but homozygous zip1::LEU2 sir3::TRP1 PCH2-HA
DP321 W303-2N but homozygous zip1::LEU2 sir3::TRP1 PCH2-HA rdnD[pRDN-wt-URA3]
Strains DP193, DP194, and DP196 are in an SK1 strain background. Strains MN70-3c, YP354, DP282, DP286, DP288, DP290, DP292, DP299,
DP300, DP320, and DP321 are in a background congenic to W303.
by a posttranslational modification). The nonnucleolar zip1 strains carrying a normal nucleolus, it does not
explain the behavior of strains in which the rDNA hasPch2 protein normally interacts with components of the
central region of the SC but relocalizes to the nucleolus been deleted. In this scenario, Pch2 localization to telo-
meres appears to be essential for checkpoint function,when synapsis is defective. The presence of the nor-
mally nonnucleolar form of Pch2 within the nucleolus even though Pch2 is not normally found at telomeres
and presumably is not normally required to repress re-may signal the defect in synapsis to the checkpoint
machinery, triggering meiotic arrest. Sir2 would be re- combination in telomeric regions.
A third alternative is suggested by the recent reportsquired for the nucleolar targeting of Pch2.
Another possibility is that, in the absence of Pch2 or indicating a function for Sir proteins in the process of
nonhomologous DNA end joining (Tsukamoto et al.,Sir2, the increased recombination that occurs in the
rDNA sequesters checkpoint proteins in the nucleolus 1997). It has been proposed that the Sir proteins are
targeted from the telomeric reservoir to DNA breaks,where they may be unable to trigger checkpoint-induced
arrest. According to this model, Pch2 and Sir2 affect creating a heterochromatin-like context that promotes
DNA repair. Similarly, a specialized protein complex in-the pachytene checkpoint indirectly by repressing re-
combination in the rDNA. Although this model can ac- cluding Pch2 and Sir2 might be assembled in the nucleo-
lus and recruited to the sites of meiotic recombination,count for the effects of the pch2 and sir2 mutations in
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formaldehyde and observed at the phase contrast microscope orthus providing the appropriate chromatin environment
stained with DAPI and observed at the fluorescence microscope,for the monitoring of recombination by other checkpoint
respectively. The values presented in Table 1 represent the averagescomponents. While this possibility is attractive, it is not
of at least two independent experiments in which at least 300 cells
supported by our cytological data. Pch2 is detected only were scored for each strain. Sporulation frequencies were deter-
in the nucleolus in the zip1 mutant. mined after 2 days in liquid sporulation medium or 3 days on sporula-
tion plates. The sporulation efficiencies for the wild-type and zip1Several findings indicate that the nucleolus functions
strains, used as controls, do not change significantly under thesein cellular processes other than ribosome biogenesis.
conditions.For example, studies of aging in yeast point to roles for
the nucleolus and silencing factors in the control of life
Western Blotspan (Guarente, 1997). In addition, non±ribosomal RNA
Aliquots of cells (10 ml) were taken at 0 hr (vegetatively growing cells)
processing functions have been discovered in the nucle- and at different time points throughout sporulation. Preparation of
olus, and growth factors and cell cycle±related proteins extracts and immunoblot analysis were performed as described by
(e.g., the B type cyclin p63cdc13 of fission yeast) have been Santos and Snyder (1997). Equal amounts of extract (z90 mg) were
loaded in each lane. Monoclonal anti-HA antibody (BABCO, HA.11)shown to localize to the nucleolus (Pederson, 1998a,
was used at a 1:1000 dilution. The exposure time of the wild-type1998b). Future studies aimed at identifying proteins that
blot shown in Figure 1 was z53 longer than that of zip1.interact with Pch2 are expected to provide further in-
sight into the relationship between chromatin silencing
Genetic Procedures
and the pachytene checkpoint. To determine the location of the URA3 marker in recombinant tet-
rads, primers 59-AACCGGATTCCCTTTCGATGGTGGCC-39 (to rDNA)
and 59-GACTAGGATGAGTAGCAGCACGTTCC-39 (to URA3) wereExperimental Procedures
used. These primers generate a PCR product of z430 bp diagnostic
of the presence of URA3 in the rDNA.Genetic Screen
A MATa/MATa zip1 spo13 haploid, disomic for chromosome III
(MY248), was transformed with a transposon-mutagenized yeast Cytology
genomic library (Burns et al., 1994). Transformants were scored for Chromosome spreads were prepared at 14±15 hr after transfer to
sporulation using a fluorescence assay (McKee and Kleckner, 1997). sporulation medium. Spreads and immunofluorescence were per-
Mutants that allowed zip1 to sporulate were then scored for the formed as described by Sym et al. (1993), with the following modifi-
production of His1 recombinants resulting from meiotic gene con- cations. Fetal bovine serum (GIBCO-BRL) was used for blocking
version between his4 heteroalleles. Sporulation-competent and re- slides. In addition, a lysate of meiotic cells lacking the protein and/
combination-proficient mutants were analyzed by genetic crosses or epitope to be detected was added during the blocking and incu-
to establish linkage between the mutant phenotype and the transpo- bation with primary antibodies. When anti-HA antibody was used,
son. Finally, a fragment of yeast DNA adjacent to the transposon was 1% Triton-X100 was included in the washes between primary and
rescued (Burns et al., 1994), and the mutated gene was identified by secondary antibody incubations. To detect the HA-tagged Pch2
sequencing. protein, mouse monoclonal anti-HA antibody (BABCO, HA.11) was
used in most cases (dilution 1:200). Only for the double localization
of Pch2-HA and Nsr1 (Figures 2E±2H), rabbit polyclonal anti-HAStrains and Plasmids
antibody (BABCO) was used (1:100 dilution). Antibodies to Zip1,Yeast strains genotypes are listed in Table 3. A z3.2 kb XhoI-PstI
Red1, and Hop1 have been described (Sym et al., 1993; Smith andfragment containing PCH2 from the S. cerevisiae l clone 3201 (ATCC
Roeder, 1997). Rabbit polyclonal anti-Sir2 antibody (a gift of E. Stone70394) was subcloned into the same sites of Bluescript SK1 to
and L. Pillus) was used at 1:2 dilution. The antibody to the nucleolar-generate pSS49. PCH2 was disrupted by transformation with pSS52
specific protein Nsr1 (mouse monoclonal 2.3b, a gift of M. Snyder)(pch2::URA3) or pSS53 (pch2::TRP1), which delete most or all of
was used at 1:5 dilution. Goat anti-mouse conjugated to CY3 orthe coding region (from nucleotides 1266 to 11741 and 2433 to
Texas red and goat anti-rabbit antibodies conjugated to FITC (Jack-11741 relative to the start codon, respectively). The following plas-
son ImmunoResearch Labs) were used as secondary antibodiesmids were used for gene disruptions: pMB97 for zip1::LEU2 (Sym
(1:200 dilution).et al., 1993), pMB116 for zip1::LYS2 (Sym and Roeder, 1994), pCB289
for zip2::URA3 (Chua and Roeder, 1998), pME302 for spo11::ADE2
(Engebrecht and Roeder, 1989), pJH103.1 for sir2::LEU2 (Ivy et al., Acknowledgments
1986), pES28 for sir2::URA3 (Chien et al., 1993), pKL12 for sir3::TRP1
(Stone et al., 1991), and pCTC77 for sir4::URA3 (provided by R. We thank Julie Bailis, Eun-Jin Hong, Jun-Yi Leu, Janet Novak, Beth
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